Rheumatoid arthritis (RA) is an autoimmune disease of complex etiology. A characteristic feature of a subset of RA is the presence of anti-citrullinated protein antibodies (ACPA), which correlate with a progressive disease course. In this study, we employed streptavidin capture enzyme-linked immunosorbent assay to analyze ACPA reactivity. Using the profilaggrin peptide HQCHQEST-Cit-GRSRGRCGRSGS, as template, we analyzed the reactivity of RA sera and healthy donor sera to various peptides in order to determine the physical characteristics of the citrullinated pro-filaggrin epitope and to examine whether biotin labelling influence antibody recognition. The full-length cyclic pro-filaggrin peptide and a linear form with a N-terminal biotin, was recognized to the same level, whereas, a notable difference in ACPA reactivity to the linear peptides with a C-terminal biotin was found, probably due to steric hindrance. Screening of linear and cyclic truncated peptides, revealed that small cyclic peptides containing 10-12 amino acids are favored over the linear. Moreover, the charged amino acids C-terminal to citrulline were found to be essential for antibody reactivity, most important was the charged amino acid in position 4 C-terminal to citrulline. Collectively, peptide structure, length, the presence of charged amino acids and biotin labelling markedly influence antibody reactivity. In relation to the clinical diagnostics of ACPA, these findings may reflect the differences in diagnostic assays used for detection of ACPA, which relates to differences in sensitivity and specificity dependent on the assay applied.
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Introduction
Rheumatoid arthritis (RA) is an autoimmune disorder characterized by synovial joint inflammation. RA affects 1-2% of the world's population with a female preponderance of 3:1 [1] [2] . Onset of the disease is most frequent between the ages of 40 to 50 [3] .
RA is diagnosed according to clinical manifestations supported by detection of the autoantibodies; the rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA) [4] . RFs, directed to the Fc regions of IgG molecules, are detected in 50-80% of RA sera, but are also associated with other diseases and can be found in healthy individuals (10-30%), lowering their specificity for RA and limiting their diagnostic usefulness [5] [6] [7] [8] . ACPAs, being detected in 60-80% of RA sera, are more specific for RA, as they are rare in other diseases and only present in approximately 2% of the healthy population [9] [10] [11] . ACPAs as well as RFs, have been detected in the serum of RA patients years before the onset of RA [12] [13] [14] , suggesting that the development of RA occurs long before the appearance of symptoms [15] [16] [17] . In addition, high ACPA titers have been observed in RA patients approaching disease onset and only very few RA patients starts generating ACPA after onset of their symptoms [18] . The occurrence of ACPA-positive RA is linked with genetic risk factors, such as the protein tyrosine phosphatase N22 and the MHC class II alleles that predispose for RA [18] [19] [20] [21] . In addition, smoking and bacterial infections have been suggested to cause citrullination of autoantigens and hence induce the generation of ACPA [22] [23] .
Even though specific for RA, the presence ACPA does not reveal the underlying antigen specificities that initiate and/or perpetuate inflammatory autoimmune reactions. In fact, several citrullinated autoantigens have been identified, such as vimentin, α-enolase, fibrinogen and collagen II [24] [25] [26] [27] [28] . The process behind the generation of citrullinated autoantigens in the joints is not evident, however, the actual citrullination is catalyzed by a family of calciumdependent enzymes, the peptidyl arginine deiminases [29] .
Detection of ACPAs was originally described by Schellekens et al. Girbal-Neuhauser et al, Simon et al and Sebbag et al [10, [30] [31] [32] . Currently, ACPA are most commonly detected by reactivity against cyclic citrullinated peptides (CCP) in an enzyme-linked immunosorbent assay with immobilized CCPs [33] . The precursor for this assay, CCP1, was originally described by Schellekens et al [9] . Using a synthetic citrullinated 19mer pro-filaggrin peptide (CCP1, HQCHQEST-Cit-GRSRGRCGRSGS), comprising amino acid residues 306-324 of filaggrin, Schellekens et al demonstrated that specificity and sensitivity were increased when employing cyclic peptides [9] . Apparently, the cyclic form allowed the citrullinated epitope to be optimally exposed. Cyclic peptides were used to mimic the original structure found within the pro-filaggrin protein due to structural features, as short peptides usually do not have a preferential conformation in solution [34] [35] . Analysis of antibody-peptide complexes has shown that peptides often adopt a β-turn structure within the complex [36] [37] , a motif which frequently is encountered within the filaggrin sequence [29] . Thus, peptides were cyclized in order to force the peptide into a β-hairpin conformation, as cysteine-bridged cyclic peptides previously have been shown to mimic the β-turn structure of an epitope and bind with enhanced affinity to antibodies [38] .
Based on the successful application of cyclic peptides by Schellekens et al, peptide cyclization has been employed in an attempt to improve antigen presentation [9, [39] [40] . However, the positive effect of cyclization was not found for all peptides, indicating that other factors influence antibody reactivity. Studies by Kobylyansky et al, analyzing antibody reactivity to a filaggrin peptide (amino acids 228-245), demonstrated that peptide cyclization had no influence on reactivity and sensitivity [39] . Identifying a reactive region in amino acid residues 228-245, a cyclic and a linear peptide version were generated, however the two peptides showed similar characteristics [39] . These findings are in accordance to studies by Trier et al, describing the cross-reactivity of a human IgG 1 anti-citrullinated fibrinogen monoclonal antibody to cyclic and linear CCP1-derived truncated peptides [41] .
In this study, we examined the physical characteristics of a citrullinated pro-filaggrin epitope using RA sera in a streptavidin capture enzyme-linked immunosorbent assay (ELISA) using the original pro-filaggrin sequence CCP1 (HQCHQEST-Cit-GRSRGRCGRSGS) with special emphasis on peptide structure, peptide length and peptide presentation.
Materials and Methods

Peptides and peptide synthesis
Peptides applied were obtained from Schäfer-N (Lyngby, Denmark) and synthesized using standard Fmoc solid-phase peptide synthesis as previously described [42] . Cyclization of peptides was performed by traditional air oxidation. Following oxidation, all peptides were purified by reverse-phase high-performance liquid chromatography and peptide identity was confirmed with liquid chromatography-mass spectrometry as previously described and illustrated [41] . The peptides applied are listed in Table 1 .
Patient samples
20 RA sera diagnosed according to the American College of Rheumatology (ACR) classification criteria were analyzed in this study [43] . The sera were evaluated with respect to RF levels and anti-CCP2 concentrations. Sera from individuals with RA were obtained from the Department of Rheumatology, Glostrup Hospital, Department of Rheumatology, Frederiksberg Hospital, Department of Rheumatology, Odense University Hospital and Epidemiology, Biostatistics and Bio-demography, Institute of Public Health, University of Southern Denmark. Healthy controls were obtained from the biobank at Statens Serum Institut http://www.nationalbiobank.dk/.
Ethics statement
The authors were not involved in drawing blood or collecting of samples, which were collected as part of routine medical care, however, the authors treated the patients of this study. In this Table 1 . Pro-filaggrin peptides applied for reactivity screening
Peptide
Amino acid sequence retrospective study, the samples were blinded prior to laboratory analyses, thus the sera were used anonymously and no written consent was necessary. The study was approved by all the scientific ethics committees in Denmark (Project ID:19980024 PMC and H-15009640).
Detection of antibodies by streptavidin capture enzyme-linked immunosorbent assay
96-well maxisorp microtiter plates (Nunc, Roskilde, Denmark) were precoated with streptavidin (Sigma Aldrich, St Louis, Mo, USA) diluted in carbonate buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , 0.001% phenolred, pH 9.6) (SSI Diagnostica, Hillerød, Denmark) to 1 μg/mL for 2 hours at room temperature (RT) followed by coating with overlapping biotinylated EBNA-1 peptides diluted in PBS (10 mM Na 2 HPO 4 /NaH 2 PO 4 , 0.15 M NaCl, pH 7.2) (Statens Serum Institut) to 1μg/mL for 2 hours at RT. Sera diluted 1:200 in Tris-Tween-NaCl (TTN) buffer (0.05 M Tris, 0.3 M NaCl, 1% Tween 20, pH 7.4) (SSI Diagnostica, Hillerød, Denmark) were then incubated in duplicates for 1 hour at RT. After washing with TTN buffer, alkaline phosphatase (AP)-conjugated goat-anti human IgG, IgA or IgM (Sigma Aldrich, St Louis, Mo, USA), diluted in TTN to 1 μg/mL, was added to the wells and the plates incubated for 1 hour at RT. For quantification of bound Abs, AP activity was determined with p-nitrophenylphosphate (Sigma Aldrich, St Louis, Mo, USA) (1 mg/mL) diluted in AP substrate buffer (1M diethanolamine, 0.5 mM MgCl 2 , pH 9.8) (SSI diagnostica, Hillerød, Denmark). The absorbance was measured at 405 nm, with background subtraction at 650 nm, using a Thermomax microtitre plate reader (Molecular Devices, Menlo Park, CA, USA). Samples were corrected for non-specific reactivity in non-coated wells.
Competitive inhibition assay
The pro-filaggrin peptide CHQEST-Cit-GRSRGRC (1 μg/mL) in a linear and a cyclic form was coated onto the surface of the wells of Maxisorp microtitre plates diluted in carbonate buffer overnight at 4˚C. All incubations with antibodies diluted in TTN were carried out for 1 h at RT followed by 3 washes in TTN buffer. Following incubation, peptide analogues (1 mg/ mL) and RA sera (200 fold dilution) were added to the microtiter plate and incubated. APconjugated goat anti-human IgG (1 μg/mL) was used as secondary antibody. Antibody level was quantified using pNPP (1 mg/mL) diluted in AP substrate buffer. The absorbance was measured as previously described.
Statistical analysis
Statistical calculations were performed using two measurements of 20 RA sera and 20 healthy control sera. The values obtained in this study were compared further by using the two-tailed Student's t-test for single column analysis and ANOVA applying Dunnets test, which compared all columns to control columns.
Results
Reactivity of Rheumatoid Arthritis sera to citrullinated pro-filaggrin peptides
In order to compare ACPA reactivity to the pro-filaggrin peptide originally employed for determination of ACPA in a streptavidin capture ELISA, we screened 20 RA sera and 20 sera from healthy donors for reactivity to biotinylated cyclic and linear versions (LCPa, CCPa) and non-citrullinated controls (LCPg, CCPg).
Fig 1 illustrates the reactivity of RA sera and healthy donor sera to the pro-filaggrin peptides. As seen, the RA sera showed significant reactivity to LCPa and CCPa (p = <0.0001) compared to the non-citrullinated control peptides (LCPg, CCPg). No specific reactivity was found when screening healthy donor sera for reactivity ( Fig 1B) . As seen (Fig 1A) , a notable difference in antibody reactivity was found between the peptides containing an N-terminal and a C-terminal biotinylation. In general, the linear peptides containing a C-terminal biotinylation experienced an increased antibody reactivity, compared to the N-terminal biotinylated version.
Reactivity of RA sera to cyclic and linear citrullinated pro-filaggrin peptides Previous studies describing reactivity of a human monoclonal antibody to citrullinated profilaggrin peptides indicated that antibody reactivity to these peptides is dependent on peptide conformation and peptide length [41] . To determine whether these results relate to RA patient sera as well, the reactivity of RA sera to cyclic and linear truncated peptides were analysed by streptavidin capture ELISA. Moreover, linear peptides containing both N-and C-terminal biotinylations were screened for reactivity, as early findings (Fig 1) indicated a notable difference in antibody reactivity dependent on the location of biotin labelling. Fig 2 illustrates the reactivity of RA sera to linear and cyclic truncated pro-filaggrin peptides. As seen in Fig 2A and 2C , the RA sera reacted with the linear peptides LCPa-LCPb containing a N-terminal biotin and the linear peptides LCPa-LCPd containing a C-terminal biotin, although only significant reactivity to B-LCPa and LCPa-B and LCPb-B was found (p = <0.0001). In contrast, significant antibody reactivity was found to the cyclic peptides CCPa-CCPd (p = <0.0001). No specific reactivity was found when screening healthy donor sera for reactivity (Fig 2B, 2D and 2F ). These findings indicate the peptide presentation is essential for antibody reactivity. Again, peptides with C-terminal biotin were generally better than peptides with N-terminal biotin.
Reactivity of RA sera in competitive inhibition assay Next, the inhibitory effect of the linear and cyclic peptides CCPa, CCPb, LCPa and LCPb was determined by competitive inhibition assays. Fig 3 illustrates the inhibitory effect of the cyclic and linear pro-filaggrin version on the reactivity of RA sera to LCPb and CCPb. As seen, the linear and the cyclic peptides were very efficient in inhibiting antibody reactivity to LCPb and CCPb (Fig 3A and 3B) , whereas the non-citrullinated controls (CCPg and LCPg) were not able to inhibit antibody reactivity, although a few RA sera occasionally were inhibited for ACPA reactivity to the LCPb peptide by the control peptide CCPg (Fig 3A) . As seen, the full-length peptides LCPa/CCPa and the truncated peptides LCPb/CCPb inhibited antibody reactivity to the same extent. Comparison of the inhibitory effect of the cyclic and linear peptides (Fig 3C) showed a significant difference in inhibition of the LCPa peptide ((p = <0.0238) to the LCPb peptide relative to the cyclic version. Besides from this, these findings indicate that the linear and cyclic versions inhibit antibody reactivity to the same level, confirming that peptides in solution/free form behave similar to the screenings earlier described in Fig 2. In addition, these findings indicate that the poor reactivity to the citrullinated linear peptides containing a N-terminal biotin is directly ascribed to the location of the biotin labelling and the possible effect of steric hindrance.
Reactivity of RA sera to cyclic and linear citrullinated pro-filaggrin peptides
Screening of citrullinated truncated linear and cyclic peptides revealed that peptide conformation is essential for antibody reactivity. In order to analyse this further, we analysed the The peptide HQCHQEST-Cit-GRSRGRCGRSGS was used as template, whereas the non-citrullinated peptide was used as control. A. Reactivity of RA sera to N-terminal biotinylated linear peptides. B. Reactivity of healthy donor sera to N-terminal biotinylated linear pro-filaggrin peptides. C. Reactivity of RA sera to C-terminal reactivity of RA sera to a substituted peptide, where the Gly residue next to Cit was replaced with a D-amino acid. Generally, the incorporation of D-amino acids into the polypeptide chain imposes local conformational constraints [44] . Fig 4 illustrates ]LCPb with N/C-terminal biotinylations. As seen, notable reactivity was found to the control LCPb-B, whereas no reactivity was found to the substituted version [dA 8 ]LCPb. In contract, no notable difference in antibody reactivity was found to the substituted B-LCPb version compared to the control B-LCPb, probably because limited reactivity is found to the control. These findings confirm that the peptide conformation is essential for antibody reactivity.
Reactivity of RA sera to substituted pro-filaggrin peptides
Thorough analysis of citrullinated epitopes reveal that peptide backbone primarily in combination with a Cit-Gly motif is essential for reactivity, although occasionally other amino acids are tolerated C-terminal to Cit [41] . Screenings of several epitopes prior to this study indicated that especially charged amino acids C-terminal to Cit are essential for antibody reactivity (data not shown) [41] . In order to examine this further, we analyzed the reactivity of RA sera to Arg -depleted pro-filaggrin peptides by streptavidin capture ELISA. To determine whether the effect of a charged amino acid is restricted to the presence of Arg in the citrullinated epitope, we replaced Arg with Lys at relevant positions. Fig 6 illustrates the reactivity of RA sera to substituted pro-filaggrin peptides analyzed by streptavidin capture ELISA. As seen, a small reduction, however not significant, in ACPA reactivity was found to the pro-filaggrin peptide [ ]CCPa, a notable reduction in antibody reactivity was found. These findings indicate that although the presence of Arg in position 13 is essential, its presence is not critical, other charged amino acids are adequate as well.
To confirm this further, we searched the literature, describing reactivity of RA sera to citrullinated epitopes, our findings are depicted in Table 2 . As seen, several citrullinated epitopes containing charged residues C-terminal to Cit have been described, which confirm our findings that charged amino acids have a positive influence on ACPA reactivity.
Discussion
In the present study, we demonstrated extensive ACPA reactivity to citrullinated pro-filaggrin, originally described by Schellekens [9] . We found that factors such as peptide length, peptide biotinylated linear peptides. D. Reactivity of healthy donor sera to C-terminal biotinylated linear pro-filaggrin peptides. E. Reactivity of RA sera to cyclic peptides. F. Reactivity of healthy donor sera to cyclic pro-filaggrin peptides.
doi:10.1371/journal.pone.0168542.g002 Fig 3. Reactivity of RA sera (n = 5) to cyclic and linear pro-filaggrin analyzed in a competitive inhibition assay. The linear and cyclic citrullinated peptides CHQEST-Cit-GRSRGRC were coated onto the conformation, peptide presentation and peptide composition notably influenced ACPA reactivity to the pro-filaggrin peptide.
The influence of peptide length and peptide conformation on ACPA reactivity was especially profound when analyzing reactivity to truncated LCP and CCP peptides. Accordingly, ACPA reactivity was obtained to CCPa-d compared to the non-citrullinated peptide CCPg, which showed a positive correlation between the number of amino acids in the cyclic structure and antibody reactivity. No notable antibody reactivity was found to peptides containing less than 8 amino acids in the cyclic structure, however, in general antibody reactivity to the cyclic peptides was reduced relative to the control for peptides containing less than 14 amino acids in the cyclic structure. These findings are in accordance to the literature, describing that antibody reactivity to citrullinated peptides smaller than 12 amino acids in length antibody reactivity is notably reduced [10, 39, 41] . Comparison of ACPA reactivity to the cyclic and linear peptides leave no doubt that the cyclic conformation is optimal for antibody reactivity if the peptides are smaller than 14 amino acids, whereas the full-length CCPa and LCPa-B and CCPb and LCPb-B yield similar reactivity levels. These findings contradict original findings by Schellekens et al, describing that CCPa was not more sensitive compared to LCPa [9] .
The fact that peptide conformation was essential for ACPA reactivity, was confirmed when analyzing ACPA reactivity to D-Ala substituted peptides (Fig 4) , as antibody reactivity As presented in Figs 1 and 2 , the biotin labelling of the linear peptides was found to be crucial for antibody reactivity. This was especially profound for the peptides with a N-terminal labelling, as only significant antibody reactivity was found to B-LCPa, whereas ACPA reactivity was found to peptides LCPa-B, LCPb-B, LCPc-B, LCPd-B, although only significant to peptides LCPa-B and LCPb-B. Competitive inhibition analyses, analyzing the inhibitory effect of LCPa, CCPa, LCPb, CCPb, found that the peptides were equally good at inhibiting ACPA reactivity, indicating that the reduced ACPA reactivity to B-LCPb and the remaining N-terminal biotinylated peptides, relates directly to the biotin labelling in the N-terminal. The fact that the positioning of the biotin label markedly influence antibody reactivity, may be explained by steric hindrance, however, this remains to be verified. Interestingly, the inhibitory effect of the biotin labelling was found to correlate with the length of the peptide, these findings are in accordance with studies by Babos and colleagues, describing anti-CCP2 reactivity to filaggrin peptides [50] .
Finally, we illustrated that charged amino acids appear to be essential for ACPA reactivity, at least to the pro-filaggrin peptide examined in this study. It is tempting to speculate that this pattern relates to other citrullinated epitopes as well, as several other citrullinated epitopes have charged amino acids in the C-terminal of the epitopes as well, as presented in Table 2 . The direct contribution of the charged amino acid on epitope specificity remains to be characterized in other citrullinated epitopes, currently it is only known that Cit preferably in combination with Gly or other small amino acids C-terminal to Cit are essential for ACPA reactivity [9, 41] .
Findings within this study are crucial in relation to peptide-based diagnostics. Several assays apply cyclic peptides, however, our results illustrate that dependent on the length and on the conformation of the peptide, different candidates are favored. Thus, although these findings confirm that peptide length and peptide conformation are essential for antibody reactivity, Table 2 . Citrullinated epitopes described in the literature which contained charged amino acids in the C-terminal.
Peptide name Origin Sequence Reference
Arg573
Fibrinogen α-chain HHPGIAEFP-Cit-GKSSSYSKQF [45] Cit74 Fibrinogen β-chain APPPISGGGYRA-Cit-PAKAAAT [45] Fibrin α-chain FLAEGGGV-Cit-GRPVVERH [46] Fibrin β-chain NEEGFFSA-Cit-GHRPLDKK [46] E12DCit Pro-filaggrin ESSRDGS-Cit-HPRSHD [47] FN-cit Fibronectin LTVGLT-Cit-Cit-GQPRQY [48] EBNA-1 GGRRGRGRERA-Cit-GGSRERAR [49] EBNA-1 ARGGSRERARGRGRG-Cit-GEKR [49] CCP1 Pro-filaggrin SHQEST-Cit-GRSRGRSGRSGS [9] doi:10.1371/journal.pone.0168542.t002 they do not support that all cyclic peptides necessarily are better candidates for diagnostic purposes. Another question remains whether the different peptide conformations detect varying groups of ACPA antibodies. It is tempting to speculate whether the currently applied CCP2 ELISA kit would detect higher ACPA levels if a combination of peptide conformations was applied. This remains to be determined. In relation to the clinical diagnostics of ACPA, experiments conducted in the current study may in theory reflect the differences in diagnostic assays used for detection of ACPA. Thus, dependent on the selection of several factors such as peptide, peptide structure, assay setup, varying antibody sensitivities and specificities are obtained, which relates directly to the current assays available for detection of ACPAs. Hence, by using a gold standard for ACPA detection, it would be possible to streamline the diagnostic accuracy of ACPA detection, yielding similar ACPA sensitivities and specificities, independent of the assay applied, the place of testing and he conditions of assay testing.
Collectively, these results confirm that antibody reactivity to citrullinated pro-filaggrin seems to be defined by: peptide structure, peptide length, amino acid composition and the presence of Cit. However, these factors alone are not sufficient to detect all ACPAs, a combination of the abovementioned appear to be necessary in order to obtain maximal ACPA reactivity. Moreover, these findings illustrate how the position of biotin and most likely the distance between the biotin position and the core epitope influence ACPA reactivity.
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